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a b s t r a c t
Seven new derivatives, 6a-hydroxy-1-methyl-3-oxo-5a-androst-1-en-17-yl acetate (2) , 6a,17bdihydroxy-1-methyl-3-oxo-5a-androst-1-en (3), 7b-hydroxy-1-methyl-3-oxo-5a-androst-1-en-17-yl acetate (4) , 15b,20-dihydroxy-1-methyl-3-oxo-5a-androst-1-en-17-yl acetate (5) , 15b-hydroxy-1methyl-3-oxo-5a-androst-1-en-17-yl acetate (6) , 12b,17b-dihydroxy-1-methyl-3-oxoandrosta-1,4-dien (11) , and 7b,15b,17b-trihydroxy-1-methyl-3-oxo-5a-androst-1-en (14) , along with six known metabolites, 17b-hydroxy-1-methyl-3-oxoandrosta-1,4-dien (7) , 17b-hydroxy-1-methyl-3-oxo-5a-androst-1en (8) , 17b-hydroxy-1-methyl-3-oxo-5b-androst-1-en (9), 1-methyl-5b-androst-1-en-3,17-dione (10), 1-methyl-3-oxoandrosta-1,4-dien-3,17-dione (12) , and 17b-hydroxy-1a-methyl-5a-androstan-3-one (13) of metenolone acetate (1), were synthesized through whole-cell biocatalysis with Rhizopus stolonifer, Aspergillus alliaceous, Fusarium lini, and Cunninghamella elegans. Atamestane (12) , an aromatase inhibitor, was synthesized for the first time via F. lini-mediated transformation of 1 as the major product.
Introduction
Steroids form an important class of biologically active natural or semi-synthetic organic compounds. Several steroidal-based, antiaromatase, anticancer, antiinflammatory, antileishmanial, antimicrobial, antiandrogenic, anabolic, and contraceptive drugs have been developed over the past few decades. Besides their benefits, existing steroidal drugs are also associated with various adverse effects, including gynecomastia and reduced fertility in males, masculinization in females and children, blood clotting, hypertension, atherosclerosis, hepatic neoplasms, jaundice, and carcinoma, etc. [1] [2] [3] [4] .
Metenolone acetate (1) (C 22 H 32 O 3 ) is a synthetic steroidal anabolic drug, previously sold under the brands, Primobolan, and Nibal for the treatment of anemia. The drug is also used by athletes, and for sports animals to enhance their muscular strength and physical performances. As compared to the 17a-alkylated anabolic steroidal drugs, metenolone acetate (1) , and metenolone enanthate are preferred, as they have higher anabolic efficiencies with lower androgenic, and hepatotoxic effects [5] [6] [7] [8] .
Currently a significant number of steroidal drugs have been structurally modified either through chemical syntheses or by biotransformation in order to improve their pharmacodynamic profiles, and safety. Generally, conventional chemical derivatizations involve protection, deprotection, and functional group activation steps through the use of toxic, hazardous, and expensive reagents and catalysts under extreme reaction conditions, resulting in high E-factors (increased production of wastes, as compared to the desired products). According to the green processes, reducing Efactors is of particular interest for pharmaceutical industries. In contrast, microbial transformation is an effective approach, as microorganisms have smaller size, efficient multiplication, high surface-volume ratio, and higher metabolic and growth rates, yielding a range of enzymes in a short duration. This leads to the synthesis of chemo-, enantio-, regio-, and stereo-selective/ specific derivatives. Moreover, microbial biotransformation techniques involve the use of non-toxic, low cost, and eco-friendly biological catalysts (whole colonies of microbes) at ambient temperature, pressure, and pH, catalyzing oxidation, reduction, dehydrogenation, chlorination, aromatization, methylation, etc., and reducing the total number of steps towards the desired products [9] [10] [11] [12] [13] [14] .
Microbes, e.g., bacteria, fungi, yeasts, etc. due to the presence of bio-catalytic hemeproteins, also known as CYPs (cytochrome P450), are successfully used for the selective/specific hydroxylation at sp 3 hybridized carbon atoms and aromatic rings, epoxidation at C@C atoms, dehydrogenation, reduction, and aromatization of inert organic molecules [14] [15] [16] .
Inflammation is an effort of host for self-protections, after the introduction of pathogens, such as bacteria, virus, fungi, or any irritant in the body, activating the process of healing. Most of the cancers arise from the long-term irritations, infections, and inflammations, suggesting a connection between inflammation, and cancers. Thus chronic inflammation is a serious risk factor towards the onset of cancers. Glucocorticoids (GCs), and other steroid-based compounds are among the most effective antiinflammatory agents [17] [18] [19] .
In continuation of our fungal-mediated biotransformation studies on steroidal drugs [8, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , and in search of new antiinflammatory agents, metenolone acetate (1) was subjected to the biotransformation with Rhizopus stolonifer (Fig. 1 ), Aspergillus alliaceous ( Fig. 1 ), Fusarium lini (Fig. 2 ), and Cunninghamella elegans ( Fig. 2 ). This afforded thirteen metabolites 2-14. Among them, metabolites 2-6, 11, and 14 were identified as new. Compound 1, and its metabolites 2-14 were assessed for their inhibition potential against cytokine (TNF-a) production, and T-cell proliferation.
Materials and methods

Fungal cell cultures and media
A. alliaceous (ATCC 10060), R. stolonifer (TSY 047), C. elegans (ATCC 36114), and F. lini (NRRL 2204) were used for fungalassisted structural modifications of an anabolic-androgenic steroidal drug, metenolone acetate (1).
Media ingredients (1 L) for the growth of microorganisms were as follows: 5 g NaCl, 5 g potassium dihydrogen phosphate, 5 g peptone, 10 g Glucose, 10 mL glycerol, and 1 L dist. water.
General experimental
Metenolone acetate (1), (m/z = 344.2, C 22 H 32 O 3 ), was procured from the Shenzhen Simeiquan Biotechnology Company Limited, China. Media constituents were acquired from VWR Chemicals (UK), Oxoid Limited (UK), Sigma-Aldrich (Germany), Scharlau Chemicals & Reagents (Spain), and Dae-Jung Chemicals & Metals Company Limited (Korea). Number of compounds, along with their purity, were determined on silica-coated (PF 254 ) TLCs. Silica gel (70-230 mesh) column chromatography was performed for the fractionation of gummy crude materials. Fractions were fullypurified via recycling reverse phase HPLC (LC-908, YMC L-80) using acetonitrile/water. 1D, and 2D NMR of compounds 1-14 were performed in deuterated-chloroform on the Bruker Avance-NMR (Bruker, Switzerland). FAB-, and HRFAB-MS were done on the mass spectrometer, Joel JMS H Â 110 (Joel, Japan). Absorbances for compounds 2-14 in the UV spectrum were noted on spectrophotometer, Evolution 300 UV-visible (Hitachi, Japan). Optical rotations (JASCO P-2000 polarimeter, JASCO, Japan), and melting points (Buchi 560 device, Buchi, Switzerland) were performed for compounds 2-14. Bruker Vector 22 spectrophotometer (Bruker, France) was used for IR data of metabolites. 
Fermentation of metenolone acetate (1)
Fungal-mediated biotransformation of 1 was performed in two scales, e.g., small, and large. In small scale, media (0.4 L) was prepared, added 0.1 L to four Erlenmeyer flasks of 0.25 L (four flasks for each fungus), cotton plugged, autoclaved, and cooled at room temperature. Among them, two flasks were served as test flasks (for the incubation period of 7 and 14 days), while remaining two flasks were prepared as positive (media + drug), and negative (media + fungus) controls. After mature, and maximum growth of each fungus, drug 1 (15 mg) was mixed in 1 mL of acetone, dispensed in each fungal-containing test flasks, and placed on a shaker. Flasks were harvested after 7th and 14th days. The flasks were extracted with EtOAc. Sodium sulfate was added into the extracts to make them moisture free, and concentrated by using rotary evaporator. This yielded gummy crude materials. Number of transformations in each crude were analyzed and compared with positive and negative controls on silica gel TLC plates, followed by staining with ceric sulfate or phosphomolybdic acid spraying reagents. On the basis of experimental scale results, compound 1 was proceeded for the preparative scale biotransformation experiments by using R. stolonifer (2 g of compound 1 in 12 L media), A. alliaceous (2 g of compound 1 in 12 L media), F. lini (3 g of compound 1 in 16 L media), and C. elegans (2 g of compound 1 in 12 L media) in order to obtain the transformed products.
Extraction and isolation protocol
Concentrated crude extracts (A-D), obtained from the preparative scale experiments, were fractionated through silica gel CC. Hexanes-acetone solvent systems were used as a mobile phase for each crude material. The polarity was changed as 5-100% gradient of polar solvent (acetone), passing 0.4 L at each concentration, which yielded a total of fifteen main fractions. The fractions were analyzed by silica gel TLCs. Fractions (1-3) were obtained from the crude A (3.95 g). Metabolites 2 (Water-CH 3 CN, 3/7; R T = 21 min; 11.3211 mg), 3 (Water-CH 3 CN, 3/7; R T = 19 min; 9.9121 mg), and 4 (Water-CH 3 CN, 3/7; R T = 22 min; 5.3121 mg) were purified via recycling RP-HPLC from fractions 1-3, respectively. Fractions (4-6) were obtained from the crude B (4.14 g). Compounds 5 (Water-CH 3 CN, 3/7; R T = 31 min; 4.1265 mg), 6 (Water-CH 3 CN, 3/7; R T = 29 min; 8.9812 mg), and 7 (Water-CH 3 CN, 3/7; R T = 33 min; 26.3141 mg) were purified via recycling RP-HPLC from fractions 4-6, respectively. Fractions (7-12) were obtained from the crude C (7.42 g). Metabolites 8 (Water-CH 3 (OAC@O), 1661 and 1596 (C@CAC@O); 1 H NMR data: Table 1 ; 13 C NMR data: Table 2 . Table 1 ; 13 C NMR data: Table 2 . (O-C@O), 1663 and 1597 (C@CAC@O); 1 H NMR data: Table 1 ; 13 C NMR data: Table 2 . Table 1 ; 13 C NMR data: Table 2 . Table 1; 13 C NMR data: Table 2 . Table 2 ; 13 C NMR data: Table 2 . Table 1 ; 13 C NMR data: Table 2 .
Cytokine inhibition assay
The inhibition potential of compounds 1-14 against cytokine (TNF-a) production in human leukemia cell line (THP-1) was evaluated by applying the reported protocol [30] . In this assay, THP-1 cell line from the ECCC (UK) were grown, and maintained in the RPMI-1640, comprising mercaptoethanol (50 mM), sodium pyruvate (1 mM), FBS (10%), glucose (5.5 mM), L-glutamine (2 mM), and HEPES (10 mM). At confluency of 70%, 2.5 Â 10 5 cells/mL were plated in 24-well plates of cell culture. PMA (phorbol myristate acetate) (20 ng/mL) was added to differentiate them into the macrophage mimicking cells, and incubated for 24 h in the presence of 5% CO 2 at 37°C. Lipopolysaccharide B of Escherichia coli (50 ng/mL) was used to stimulate the culture, assessed with compounds 1-14, and placed for 240 min in 5% CO 2 at 37°C. TNF-a level in the supernatants was determined on ELISA through human Duo Set kit (R & D Systems) (USA), according to instructions of manufacturer.
T-cells proliferation assay
The inhibition potential of test compounds against T-cell proliferation in vitro was determined by using the reported procedure [31] . In this assay, T-lymphocytes were obtained from heparinized blood of healthy human, and mixed 10 mL of blood with RPMI-1640 (10 mL). Resulting mixture was gently layered on LSM (5 mL), and tubes were centrifuged for 20 min at 400 g at 25°C. The collected buffy layer was then supplemented with RPMI-1640, and centrifuged for 600 s at 4°C. Pellet having PBMCs was mixed with RPMI (1 mL), comprising FBS (5%). Proliferation of T-cells was determined by applying Alamar Blue assay. PMBCs (2 Â 10 6 cells/mL) were added in a 96-well plates. T-lymphocytes were activated with phytohemagglutinin-L (7.5 lg/mL). Test compounds with different concentrations in triplicates were added to it, and plates were placed for 2 days at 37°C in 5% CO 2 . Alamar Blue dye (a one-tenth volume) was added into it, and reincubated for 4 h. Absorbances were recorded at wavelengths of 570, and 600 nm in a spectrophotometer. (Fig. 3 ). Equatorial-orientation of an OH group at C-6 (d 69.1) was determined via the Key NOESY interactions of axiallyoriented H-6 (d 3.50, td) with b-oriented protons, i.e., H-8 (d 1.52, overlap), and CH 3 -19 (d 1.04, s) (Fig. 4) . The structure was deduced as 6a-hydroxy metenolone acetate (2) . . Absorbances (cm À1 ) at 1597 and 1658 (C@CAC@O), and 3411 (OH), were noted in the IR spectrum. NMR chemical shifts data (Tables 1 and 2) of metabolite 3 were distinctly similar to the compounds 1 and 2. Signals for acetate at C-17, and methylene at C-6 were not appeared in the 1 H NMR spectrum, and the 13 C NMR spectrum of transformed product 3. Similar to the metabolite 2, new downfield signals in the 1 H-(d 3.50, td) and 13 C-(d 69.1) NMR spectra were observed. The hydroxyl at C-6 (d 69.1) was deduced via the key HMBC interactions ( Fig. 3) (Tables 1 and 2) were distinctly similar to the 1, and 2. New deshielded signals at d 3.40, and 72.6 were noted in the 1 H, and 13 C NMR spectra of 4. Signals for methylene protons (H 2 -7), and methylene carbon (C-7) were also not appeared in the NMR spectra of 4. An OH at C-7 (d 72.6) was placed based on the key HMBC interactions (Fig. 3) . IR showed absorbances at 3431 (hydroxyl), 1725 (ester), and 1662 and 1595 cm À1 (a, b-unsaturated carbonyl). NMR chemical shifts data (Tables 1 and 2) of 5 were distinctly similar to the 1, 2 and 4. The 1 H, and the 13 C NMR spectra showed new deshielded signals at d 4.22 (m), 4.46, (dd), and 4.37 (dd), and d 69.6, and 63.7, respectively. Signals for methylene and methyl protons, and methylene and methyl carbons were also not appeared in the NMR spectra of 5. A hydroxyl group at C-15 (d 69.6) was assigned via the key HMBC interactions (Fig. 3) Compound 7 was identified as 17b-hydroxy-1-methylandrosta-1,4-dien-3-one by using NMR, HRFAB-MS, and IR spectral data. It was previously synthesized by Lourdusamy with his group through dibromination, dehydrobromination, and hydrolysis of mesterolone acetate [32] . Compound 8 was identified as metenolone by analyzing its spectral data, previously reported by our research group via A. niger-assisted biotransformation of metenolone enanthate [8] .
Results and discussion
Metabolite 9 was deduced as 17b-hydroxy-1-methyl-3-oxo-5bandrost-1-en analyzing its spectral data. It was reported through metabolism of the steroidal aromatase inhibitor, atamestane (12) in monkeys, rats, and humans [33] .
Metabolite 10 was deduced as 1-methyl-5b-androsta-3,17dione-1-ene by studying its spectral data. The compound 10 was reported via metabolism of the steroidal aromatase inhibitor, atamestane (12) in monkeys, rats, and humans [33] .
The . The IR showed absorbances at 3412 (hydroxyl), and 1656 and 1605 (a, b-unsaturated CO) cm À1 . NMR chemical shifts data (Tables 1 and 2) 11 were distinctly similar to the 7. The 1 H NMR spectrum displayed new deshielded signals for olefinic (d 6.06, s), and oxymethine protons (d 3.43, dd). Similarly, the 13 C NMR spectrum showed new deshielded signals for olefinic at d 165.7, and 123.9, and oxymethine carbons at d 78.6. Signals for CH 2 -4 and CH 2 -12 were not appeared in the NMR spectra of 11. Dehydrogenation between C-5/C-4 was inferred via the key HMBC interactions (Fig. 3) The structure of 11 was deduced as 12b,17b-dihydroxy-1-methy landrosta-1,4-diene-3-one.
Atamestane (12) , which is in clinical trials as anti-aromatase, was obtained for the first time through F. lini-mediated biotransformation of 1. Compound 12 was previously synthesized by Lourdusamy et al. in 1995 using mesterolone acetate as the starting material [33] .
Metabolites 13, an anabolic steroid, was identified as mesterolone by using NMR, HRFAB-MS, IR spectral data [28] . Metabolite were evaluated for inhibition of T-cell proliferation, and cytokine (TNF-a) production in cell-based assays. Compounds 1 (62.5 ± 4.4%), 2 (73.4 ± 0.6%), 5 (81.0 ± 2.5%), 8 (69.7 ± 1.4%), 10 (73.2 ± 0.3%), 11 (60.1 ± 3.3%), and 12 (71.0 ± 7.2%) showed a good inhibition of cytokine (TNF-a) production. Compounds 3 (53.7 ± 1.4%), 7 (46.6 ± 5.2%), and 14 (52.9 ± 2.4%) showed a moderate activity, compounds 4 (33.5 ± 6.6%), and 6 (37.8 ± 1.1%) showed a weak activity, while metabolites 9, and 13 were found as inactive. Compounds 3 (IC 50 = 4.4 ± 0.01 mg/m L), and 5 (IC 50 = 10.2 ± 0.01 mg/mL) showed a significant activity against T-cells proliferation, in comparison to standard drug, prednisolone (IC 50 = 3.51 ± 0.03 mg/mL). Metabolite 8 (IC 50 = 21.1 ± 0.04 mg/mL) showed a moderate activity, while compound 2 (IC 50 = 68.9 ± 0.02 mg/mL) showed a weak activity against T-cell proliferation. Compounds 1, 4, 6, 7, and 9-14 were identified as inactive against T-cell proliferation.
Structure-activity relationships (SARs)
Apparently, dihydroxylation of metenolone acetate (1) (hydroxylation at C-15, and C-20) has increased the inhibition potential of compound 5 (81.0 ± 2.5%) against TNF-a production, in comparison to the substrate 1 (62.5 ± 4.4%). Similarly, an OH group at C-6 in metabolite 2 (73.4 ± 0.6%) also increased its inhibition potential against TNF-a production. Hydrolysis of ester moiety in compound 8 (69.7 ± 1.4%) has enhanced its activity against TNF-a production. Oxidative cleavage at C-17, and b-H at C-5 in metabolite 10 (73.2 ± 0.3%) has also enhanced its anti-inflammatory activity. Metabolite 12 (atamestane) (71.0 ± 7.2%) with oxidative cleavage of ester moiety at C-17, and dehydrogenation between C-4/C-5 also showed a good inhibition of TNF-a production, in comparison to the drug 1. Hydrolysis at C-17, oxidation at C-12, and dehydrogenation at C-5/C-4 as in metabolite 11 (60.1 ± 3.3%) showed a similar inhibition potential against TNF-a production, as compared to the metenolone acetate (1) .
Conclusion
In the present research, metenolone acetate (1), an anabolic drug, was structurally modified by using R. stolonifer, A. alliaceous, F. lini, and C. elegans, where seven new and six known derivatives of 1 were obtained. Atamestane (12) , an aromatase inhibitor, was synthesized for the first time through F. lini-mediated transformation of 1. During bio-catalysis, oxidation, dehydrogenation, and reduction were mainly occurred. The study indicated that F. lini was able to catalyze dehydrogenation reactions selectively. Compounds 1-14 were identified as non-cytotoxic against BJ (normal human fibroblast) cell line. Metabolites 5 (81.0 ± 2.5%), 2 (73.4 ± 0.6%), 8 (69.7 ± 1.4%), 10 (73.2 ± 0.3%), 11 (60.1 ± 3.3%), and 12 (71.0 ± 7.2%) showed a potent activity against TNF-a production, in comparison to the 1 (62.5 ± 4.4%). In future, metabolites 2-14 will be studied at enzymatic level by using different techniques in order to understand the mechanisms involved in the biocatalytic structural modification reactions. These findings thus form the basis for further research towards drug discovery against chronic inflammatory diseases.
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